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ABSTRACT

Computer-based_ tutoring/ccaching sistems have the promise of enhancing
the educational value of gaming environments by guiding a student's
discoverg learning. This paper rovides an in-depth view of i) the
philoaog y behind such systems, 1ii the kinds of diagnostic modeling
strategies regu red to infer a student's shortcomings from observing his
behavior and iii) the range of explicit tutorial strategies needed for
directing the Tutor to say the right thing at the right time. Examples of
these issues are drawn for a computer-based coaching system for a simple
game -- How the West was Won. Our intention in wri in§ this paper is to
make explicit the vast amounts of tutorial knowledge required to construct
a coaching system that is robust, friendly and intelligent enough to
survive in home or classroom use. During the past three years we have
witnessed how subtle the computer-based coaching problem reaily is. We
hope this paper conveys some of these subtleties -- many of which " continue
to resist general solution.
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INTRODUCTION

The revolution in personal computing will bring with it extensive use
of complex games. Students will play computer based games during much of
their free time. These activities can provide rich, jinformal environments
for learning. Games provide an enticing problem-solving environment that a
student explores at will, free to create his own ideas of underlying
structure and to invent his own strategies for utilizing his understanding
of this structure. Properly constructed games can lead to the formation of
strategies and knowledge structures that have general usefulness in other
domains as well. However, a major stumbling block to the effective
educational use of unstructured gaming or open-ended problem-solving
environments is the amount of tutorial resources that are often required
(1) to keep the student from forming grossly incorrect models of the
underlying structure of the game/environment, (2) to help him see the
limits of his strategies, and (3) to help him discover the causes of
manifested errors.

One of the prerequisites for a productive informal learning
environment is that it be enticing to the student by enabling him to
control it. The student must have the freedom to make decisions (incorrect
as weil as correct ones) and observe their results. While a student's
incorrect decisions 3sometimes 1lead to erroneous results that he can
immediately detect, they often produce symptoms that are beyond his ability
to recognize. For an informal environment to be fully effective as a
learning activity, it often must be augmented by tutorial guidance that
recognizes and explains weaknesses in the student's decisions or suggests
ideas when the student appears to have none,. This is a significant
challenge requiring many of the skills analogous to those of a coach or
laboratory instructor. The tutor or coach(1) must be perceptive enough to
make relevant comments but not so intrusive as to destroy the fun inherent
in the game. This paper presents one such coaching system (named WEST)
built around the game "How the West was Won." The system is examined as an
instance of a general paradigm, called "Issues and Examples," for building

such systems. Aspects of the system are examined to discover the

(1) This usage of the term "coach" was originated by Goldstein (1977). We
originally conceived of this kind of tutorial resource as a congenial
"tutor" but the images evoked by the term "tutor" have proven o be
inappropriate. In this paper we shall use "coach" to emphasize the
informal nature of the learning situation.
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limitations of the central paradigm and to characterize a wide variety of
tutorial strategies that must be included to create a successful coaching

system.

Coaching Instructiopnal Systems

The pedagogical motivation underlying much of our coaching research
can be characterized as "guided discovery learning." It assumes a
gonstructivist position, in which the student constructs his new knowledge
from his existing knowledge. In this theory, the notion of misconception
or "bug" plays a central role. Ideally, a student's bug will cause an
erroneous result that he will notice. If the student has enough iuiormation
to determine what caused the error and can correct it, then the bug 1is
referred to as gonstructive. If, however, the student does not have
sufficient information to change his behavior as a result of the perceived
error, the bug 1is termed ponconstructive. One of the most important
aspects of a learning environment is the degree to which the mistakes that
a student makes are constructive (See Fischer, Brown, and Burton, 1978 for
further discussion.). From this point of view, one of the major tasks of a
coach is to give the student additional information in order to transform
nonconstructive bugs into constructive ones. An additional task for the
coach, 1in dealing with bugs that do not have easily observable
manifestations, is to point out that something can be improved.(2)

A subtle requirement of this theory is that the coach not interfere
too much. While the student is making mistakes in the environment he is
also experiencing the idea of learning from his mistakes and discovering
the means to recover from his mistakes. If the coach immediately points out
the student's errors, there is a real danger that the student will never
develop the necessary skills for examining his own behavior and looking for
the causes of his own mistakes.

There are two major but related problems that must be solved by a

computer coach. They are:

1) when to interrupt the student's problem solving activity, and

{2) In a recent paper on the educational 1Implications of Piaget's
ps¥chological theory, Groen has identified similar requirements. "A child
will learn only if he extends the range of h{gotheses he can generate_ and
modifies or eliminates the transformations at lead to false ones. Thus

it is part of the teacher's task to ensure that the child is aware of

?sgggliea and counter-examples that result from his activities." (Groen,

-




2) what to say once it has been interrupted.

In general, solutions to these problems require techniques for determining
what the student knows (procedures for constructing a diagnostic model) as
well as explicit tutoring principles about interrupting and advising.
These, in turn, require a theory of how a student forms abstractions, how
he learns, and when he is apt to be most receptive to advice.
Unfortunately, few, if any, existing psychological theories are precise
enough to suggest anything more than caution. The requirements that evolve
from coaching systems should provide useful forcing functions for future
cognitive theories. In addition, the coaching systems themselves should be

good test environments for such theories.

Riagnostic Modeling

Since the student is primarily engaged in a gaming or problem-solving
activity, any explicit diagnosing of a student's strengths and weaknesses
must be unobtrusive or subservient to his main activity. This means that
the diagnostic component cannot use prestored tests or pose a lot of
diagnostic questions to the student. Instead, the computer coach must
restrict itself mainly to inferring a student's shortcomings from whatever
he does in the context of playing the game or solving the problem, This
can be a difficult problem. Just because a student does not use a certain
skill while playing a game does not mean that he does not know that skill,
For example, an opponent may never have created a situation that required
him to invoke it. Although this point seems quite obvious, it poses a
serious diagnostic problem: The absence of a manifested skill carries
diagnostic value if and only if an expert in an equivalent situation would
have used that skill. Hence, apart from the outright errors, the main
window & computer-based Coach has to a student's misconceptions is through
a "differential" modeling technique that compares what the student is doing
with what the expert would be doing in his place. This "difference" must
provide hypotheses about what the student does not know or has not yet
mastered.

The process of constructing a differential model requires two tasks --
both of which use a computer-based Expert,(3) but for different purposes,.

The first task is evaluating the quality of the student's cu:rrent action or

{3) From here on, the term Expert will be used to refer to the simulation
of an expert player in the computer.
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"move" in relationship to the set of possible alternative moves that an

Expert might have made in the exact same circumstances. The second task is
determining the underlying skills that went into the selection and
composition of the student's move as well as each of the "better" moves of
the Expert. In order to accomplish the first task, the Expert need only
use the resylt of its knowledge and reasoning strategies, which is in the
form of better moves. However, for the second task, it has to consider the
"pieces" of knowledge involved in selecting and generating the better
moves, since the absence of one of these pieces of knowledge might explain

why the student failed to make a better move.
Forms of Domain Expertise for Coaching

The representation of domain expertise in a computer can be in one of
two forms. One form is as a "glass-box" or articulate model (Goldstein &
Papert, 1977). The model 1is referred to as "articulate" because each
problem-solving decision it makes can, in principle, be explained in terms
that match (at some level of abstraction) those of a human
problem-solver.(4) In contrast to the articulate Expert is the "black-box"
Expert, which has data structures and processing algorithms that do not
mimic those used by human beings. For example, the circuit simulator
underlying SOPHIE-1 (Brown & Burton, 1975) is a black-box Expert, and is
used only to check the consistency of student's hypotheses and answer some
of his questions. Its mechanisms are never revealed to the student since
they are certainly not the mechanisms the student is expected to acquire.

Within the framework of the diagnostic problems faced by the computer
Coach, the glass-box Expert seems to be the most useful since it can be
used both for the evaluation process (by generating optimal moves) and for
determining the skills underlying those moves. Skill determination is
achieved by looking at the Expert's problem-solving trace for generating a
given move and noting the skills that it used. The glass-box Expert is
also wuseful in the evaluation task because it can generate the space of
alternative "better" moves and hence determine the rank ordering of the
given move. Note, however, that since the evaluation process involves
determining the complete range of alternative behaviors, it requires
substantially more computation and robustness than simply assessing the

skills underlying any one particular move.

() The BUGGY (Brown & Burton, 1978), WUMPUS (See Goldstein's article in
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Since the implementation of a black-box Expert is not constrained by
human-like algorithms, it potentially can be considerably more efficient
and, therefore, more useful for evaluation of a student's move. However,
the skills it wuses to generate an optimal move are not analr-gous to the
student's, so it can not be directly used for the skill determination task.
This raises the possibility of combining an efficient and robust black-box

Expert for evaluation with a 1less efficient glass-box Expert for skill

determination.

Computational efficiency is not the only reason for developing the
interplay of these two forms of expertise. The black-box Expert used for
evaluation need only be augmented with those jincomplete pieces of an
articulate Expert which are needed to detect critical or tutorable features
of the answers produced by the black-box Expert. The glass-box Expert need
not be able to produce the complete solution itself. It needs only to
work backwards from the solution to determine the "important" (tutorial)
features of the solution. This realization opens up the possibility of
constructing coaching systems for domains for which we do not have complete
glass-box expertise. :

It is possible tnat a lot of informal 1learning occurs through the
combination of tacit expertise (in the form of a black-box) with incomplete
but articulate pieces of a glass-box Expert. For example, no one has a
complete articulate theory on how to play expert chess. Although there are
some excellent chess machines, they rely on non-human strategies for
achieving their expertise, that is, they are black-box experts. There are
also handbooks of chess principles which reflect pieces of articulate
knowledge about opening moves, end game tactics, etc. A chess coaching
system could take advantage of the black-box Expert to identify critical
moves and wuse pieces of incomplete but articulate knowledge to partially
explain why the move was critical and how it might have been detected.
People also appear to learn natural language through a similar interaction.
A complete, articulate theory of English does not exist. People do,
however, manage to become fluent in English by receiving feedback from many
"black-box experts" - other people who speak it. To help in the critiquing
task, there are incomplete articulate pieces of kuowledge, such as

subject-verb agreement. That is, in addition to getting black-box feedback

this issue) and GUILON (See Clancey's article in this issue) systems are
based on articulate experts, as are many production rule based experts.
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of the form "“that's not grammatical," which could mean almost anything,
people also get glass-box rules such as "Don't say 'they 1is,' say 'they
are,' because you must have subject-verb agreement."(5)

The modeling technique discussed in this paper employs a black-box
Expert in conjunction with a set of local glass-box Experts. Briefly, the
black-box Expert is used to determine the range of possible moves the
student could have made, and the glass-box chunks of expertise determine
possible causes for the less than optimal behavior of the student. As
such, we hope this technique might also be useful in providing insights
into how to transform various black-box Experts that currently exist (such
as the symbolic integration capabilities of MACSYMA) into interesting,
educational systems.(6)

Tutoring by Issue ond Example -- A Gepneral Paradigm

To be played well, any game complex enough to be interestiag requires
many different skills. From the point of view of a coach, this 1is an
important fact because it means that when a student does not perform well
in a particular situation, it is not necessarily clear what skill he is
lacking. The difficulty of determining which skill is being misused is
increased by the fact that much of the evidence that the Coach has is
indirect. That 1is, the Coach only knows that the student did pot make a
better move. From this negative information, he must determine why not.
(Contrast this with a situation confronting BUGGY in which a bug in a kid's

subtraction procedure will have symptoms.)

Qverview

The paradigm of "Issues and Examples" was developed to focus a
coaching system on relevant portions of student behavior and to provide an
overall coherence (goal) to the Coach's comments. The important aspects ¢

the domain -- that is, the skills and concepts the student is expected to

(5) In this case, 1t might seem that the black-box Expert plays no
significant role since the pieces of articulate knowledge used to critique
the sentence could also be used to perform the role of the black-box;
namely, reject the sentence as being ungrammatical. However, the black-box
Expert also wuses tacit knowledge to analyze the sentence in order to
isolate structural elements e.g.. nouns, verbs) which are required for the
articulate mini-theories or principles. We all know the subject-verbd
agreement rule and are very skilled at recognizing nouns in sentences, but
gsy few of us can articulate a precise definition of a noun.
Y The technique might also be wuseful when there exists a _complete
glass-box Expert that can not do the problem in "all" ways. For these
omains it cannot be assumed that the student is in fact working the same
way as the expert.

v
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master -- are identified as a collection of "Issues". The Issues determine

what parts of the student's behavior are monitored by the Coach. Each
Issue represents an articulate mini-theory (a piece of a glass-box Expert)
concerning the structure of the domain, It 1is characterized by two

procedures. The first watches the student's behavior for evidence that the
student does or does not use its particular concept or skill. As such, it
is called an Issue Recognizer. The Recognizers are used to construct a
"model" of the student's behavior. The second procedure for an Issue knows
how to wuse various parts of the student model to decide if the student is
"weak" in that Issue. It is called an Issue Evaluator. Thus each 1Issue
has associated with it both a Recognizer and an Evaluator as procedural
specialists.

At any point in the game, the hypotheses concerning the weaknesses of
the student can be determined by running all of the Issue Evaluators on the
model. When the student makes a "poor" move, his weaknesses are compared
with the Issues necessary to make better moves in order to try to account
for why he did not make a better move. That is, the Coach looks for an
Issue in which the student 1is lacking and which 1is required for the
Expert's better moves. Once an Issue has been determined, the Coach can
present an explanation of that Issue together with a better move that
illustrates the Issue. In this way, the student can see the usefulness of
the Issue at a time when he will be most receptive to the idea presented --
immediately after he has attempted a problem whose solution requires the
Issue.

Figure 1 is a diagram of the modeling/tutorial process underlying the
Issues and Examples paradigm. Figure 1a presents the process 2
constructing a model of the student's behavior. The model is a summary of
the student's performance while solving a series of problems (in this case,
moves in a game). Each time the student makes a move, the important
aspects of his behavior (the Issues) are abstracted by the Recognizers.
This abstracting is also done over the behavior of a computer-based Expert
in the same environment by the same Recognizers. The two abstractions are
compared to provide a differential model of the student's behavior, which
indicates those 1Issues on which the student is weak. We reiterate that
without the Expert it is not possible to determine whether the student {is
weak in some skill, or whether the skill has not been used because the need

for it has arisen infrequently in the student's experience.
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Figure 1b presents the top level of the Coaching process. When the
student makes a less than optimal move (as determined by comparing his move
with that of the Expert), the Coach uses the Evaluation component of each
Issue to create a list of Issues on which the student is weak. From the
Expert's list of better moves, the Coach invokes the Issue Recognizers to
determine which issues are illustrated by better moves. From these two
lists (the "weak" Issues and the "better move" Issues), the Coach selects
an Issue and a good move that illustrates it, (i.e., creates an example of
it) and decides on the basis of other tutoring principles whether or not to
interrupt.(7) If the Coach decides to interrupt, the selected Issue and
Example are then passed to the explanation generators, which produce the
feedback to the student.

1. THE GAMING SITUATION

"How the West was Won" (WEST) is a computer board game that was
originally designed at Project PLATC(8) to give students drill and practice
in arithmetic. The board (see Figure 2) is 70 spaces long. In a turn,
each player receives three numbers (from spinners), which must be wused in
an arithmetic expression (using the operations addition, subtraction,
multiplication, and division). The value of the expression is t¢he number
of spaces the student is moved along the board. The object of the game is
to be the first player to land exactly on 70. To make the student's task
more complicated than just making the biggest number, there are several
kinds of special moves. Towns occur every ten spaces. If you land on one,
you advance to the next one. There are also shortcuts. If you land on one
of these, you advance to the other end of the shortcut.(9) And if you land
on the space your opponent is occupying, he 1is bumped back two towns,
unless he is on a town. The spinner values in WEST are kept small, so that
special moves will often be better (get one further ahead) than making the
biggest number.(10)

there are no Issues in common between the two lists, the reason for
the student's problem 1lies outside of the collection of Issues, and the
Coach says nothing.
(8) The PLATO game was designed by Bonnie Anderson in Dr. Robert Davis's

lementary Mathematic Project (Dugdaﬁe and Kibbey, 1977).

9§ In Figure 2, Spaces 5, 25, and 44 are the bea{nning of shortcuts.

10) The rules assumed in this paaer are the one: used on the PLATO system
as of 1975. Our coach system, WEST, allows the student to change many of
the rules. For example, the board length, the distance between towns the
location and number of shortcuts, an the set of lefal arithmetic
operations can all be changed and the coaching system wil continue to
work. In addition, the number of spinners can be changed, but we have not
built an Expert or such. Changing the rules gives students the

& oo o i i g



Figure 2 shows a board situation that 1illustrates some of the
complexities of tutoring, even in this simple game. The student is at 3%,
his opponent is at 39,(11) and with his spinners (2, 1, 2), the student
makes the expression 2+1x2, resulting in a move of 4., Consider the
alternative moves the student could have made: he could have moved 1 and
bumped his opponent; he could have moved 2 and landed on a town; he could
have moved 6 and taken a shortcut. What possible reasons may underlie this
suboptimal move?

Stagecoach's turn 1 0 : ) :
The Numbers are: 2 1 Z 4 1
Your Move: 241+2 => 4 q A 3 3
St 6~"4

opportunity to see the relationship between the rules and the "feeling" of

e game,
§11)8HEST is typically used by one student playing against the computer's
xpert. It s also Eossible for two students to play against each other,
in which case differential models are constructed for eac

student, thereby
enabling coaching for both players.

-10-
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Ihe Issues in WEST

In the Issues and Examples paradigm, the Issues embody the important
concepts underlying a student's behavior and define the space of concepts
the Coach can address. In WEST, there are three levels of Issues that a
Coach «can focus on. At the lowest level are the basic mathematical skills
that the student is practicing. 1In the current system these include the

use of PARENTHESES, the wuse of various arithmetic operations such as
SUBTRACTION and DIVISION, and the form of the student's move as an

expression (PATTERN).

The second level concerns the skills needed to play WEST. The Issues
at this level are: the special moves of BUMP, TOWN, and SHORTCUT; the
directior of a move (for example, both FORWARD and BACKWARD are legal);
and the development of a STRATEGY for choosing a move, such as maximizing
the distance you are ahead of your opponent.

At the third level are the general skills of game-playing. One such
general skill is the strategy of watching your opponent in order to learn
from his moves. Another is the effect that different rules of the game have
on determining the best strategy.(12)

Each of these Issues is represented in two parts: a Recognizer and an
Evaluator. The Recognizers are data-driven from the local context of the
student's and the Expert's moves. The Evaluators are goal directed (what
are the student's weaknesses?). Tre Issue Recognizers of WEST are fairly
straightforward, but are, nevertheless, more complex than simple pattern
matchers. For example, the Recognizer for the PARENTHESIS Issue must
determine not only whether or not parentheses are present in the student's
move (a lexical check of the expression underlying his move) but also
whether they were necessary (wh ch requires parsing the expression) or if
they were necessary in the optimal move (which requires parsing the
expert's behavior).

For the situation shown in Figure 2, the following Issues are involved
in better moves: Moving 1 entails knowing about the BUMP rule and wusing
SUBTRACTION or DIVISION.(13) Moving 2 entails DIVISION, knowing about
TOWNS, and knowing that the grder of numbers in the expression does not

12} At present the coaching system does not address these directly.

13) The student could, of course, move 1 without being aware that it will
lead to a bump. One ramification of inadvertent moves is that the Model
will contain some "noise". Noise will be discussed in the section on
Modeling Methodology.
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Tutorial Considerations

Even when relevant Issues and Examples have been identified, it may be
inappropriate to tutor. This is determined by invoking various tutoring
strategies. Figure 3 shows traces of the Coach's tutorial decisions during
the interaction shown in Figure 2. One example is the decision about which
of the competing Issues to choose. If there are two Issues, both
applicable to a certain situation, which should be picked? This is where a
"syllabus" (Goldstein, 1977) might be useful to provide relative orderings
of importance or prerequisite links over the space of Issues. However, the
Issues in WEST are sufficiently independent that there is 1little need to
consider the prerequisite structure. Instead, additional tutoring
principles must be invoked to decide which one of the =set of applicable
Issues should be used.

We have experimented with two alternative principles for guiding this
decision thus far. The first is the Fgogus strategy, which ensures that if
everything else is equal, the 1Issue 1is chosen that was most recently
discussed; that is, have the Coach hammer away on a particular Issue until
it 1is mastered. The alternative principle is the Breadth strategy , which
ensures that if everything else is equal, an Issue is selected that has not
recently been discussed. This strategy minimizes the chance that a student
gets bored by hearing too much about one Issue. A simple agenda mechanism
enables experimentation with a range of mixed strategies lying between
either a pure Breadth or Focus strategy.(14) The default is the Breadth
strategy, because it prevents one of two interdependeant Issues from
blocking the other. Strategies for manipulating the agenda mechanism
provide only one source of guidance for the tutor. Additional tutoring

principles will be examined in the next main section.

Explanation

Once the decision has been made to tutor on a particular Issue with a
particular Example, the Coach still has to decide how to express the Issue

to the student. This 1is the explanation problem. It is in general very

{(T0) The agenda mechanism 1s Implemented as a priority 1isL, along with
procedures for reordering it. When two Issues are possible, the one that
occurs first on the list is chosen. The "focus" strategy moves a selected
Issue to the front of the list, making it more likely to be chosen a§ain,
and the "breadth"™ strategy mcves the selected issue further down the &% -
Since this list can be Yartitioned into sublists, it is straightforward to
have one strategy manigu ate the sublists and another to manipulate the
elements within a sublist.




difficult. In addition to saying the things the student does not know,
conversational postulates dictate that things the student knows already
should pot be said. (See Clancey's article for more of a discussion on
this point.) In designing WEST, we have concentrated on the student
modeling task and the task of determining when to break in, and have
progressed very 1little on the explanation problem,. Currently, the
explanations are stored in a procedure attached to each 1Issue, called a
Speaker. Each Speaker 1is responsible for presenting a few lines of text
explaining its Issue. At present, the Speakers work by randomly selecting
prestored comments. Several improvements should be made to the Speakers.
For example, the explanation should be able to handle multiple Issues. it
may be very difficult to distinguish between two Issues, and having a
Speaker that can assimilate both into one succinct comment conveniently
side steps the need to differentiate between them. For example, the Issues
of SUBTRACTION and moving BACKWARDS often occur together and it is
therefore difficult to separate the two.

Uses of Issues

While the 1Issues were originally conceived of for guiding the
critiquing component of the system, they have proven to have other
tutorial uses in our system. One example is when the student asks for help
while considering what move to make. If the best move involves an Issue on
which the student is weak, the "hint" can stress that Issue. Our
motivation here is that the Issue may be the critical piece of information
for the student to see how he could make the good move, and hence the hint
should put emphasis on it.

Issues are also wuseful in determining when to give the student
positive encouragement, thus keeping him from viewing the coach as being
only critical. Our current Encouragement strategy directs the Coach to
congratulate the student on his good move whenever it is the optimal move
that demonstrates an Issue on which the student is weak. However, as we
explain next, no one strategy determines what the Coach will do because

different strategies may set up competing goals.
8 ; 2. PEDAGOGICAL STRATEGIES

There are many principles that spell the difference between success

and disaster in a computer-based gaming-plus-coaching environment for
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informal learning. Over the last few years, we have had a chance to
experiment with WEST and modify it in response to various subtle and
not-so-subtle difficulties that we have encountered. In this section we
will discuss some of the principles that we found important to embed in our
system and identify those which have general applicability to informal
learning situations. For the purposes of our discussion, we will
distinguish two types of principles -- those for structuring the gaming
environment itself and those for guiding the Coach within the environment.
Although much of what we have discovered concerns explicit learning
environments, we believe that many of these principles are also of
importance in designing other "friendly" man-machine systems where the feel
or ambiance of the total environment (including peripheral assistance or
tutoring) is crucial.

Rhilosophy

Before discussing these principles, 1let us briefly summarize the
philosophical underpinnings of a coaching environment. In these
environments it is best for the student to discover for himself as much of
the structure of a situation as possible.(15) Every time the Coach tells
the student something, it is robbing him of the opportunity to discover it
for himself. Many human tutors interrupt far too often, generally because
of a lack of time or patience, and they may be preventing the development
in their students of important cognitive skills -- the cognitive skills
that allow students to detect and use of their own errors.

However, there are times when interference with the student's
discovery process is called for. In gaming situations, an untutored
(unwatched) student may fixate on a subset of the available moves and hence
miss the potential richness of the game. In WEST, for example, a student
may adopt the strategy of adding the first two spinners and multiplying the
result by the third spinner, (A+B)®*C. Since the third spinner tends to be
largest, this strategy is close to the strategy of multiplying the largest
number by the sum of the other two numbers (which produces the largest
possible result). A student can remain at this plateau indefinitely
without perceiving the failings of his strategy. But notice how much of

the structure of the game is being missed. The student is unaware of

{157 This Is not to say that structured material (e.g., textbooks) should
not have a role in formal education or that guided discovery learning is
the only way to learn!
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special moves, such as bumps, and therefore of such questions as, "Is it
better to send my opponent back 14 or get 9 ahead of him?" Since his
strategy requires no search to determine a move, the student misses the
whole notion of strategy as a method for deciding between alternative
moves. From the point of view of practicing arithmetic, he is performing
one calculation per move instead of the dozens of mental calculations he
would have to perform to answer questions such as, "What numbers can 1 form
with these spinners?"™ or "Can I make a 15 with 9, 10, and 672" By
interjecting comments and suggesting better moves to the students, a Coach
can greatly expand the student's involvement in the environment.

The top-level goal driving the Coach is to ensure that its comments
are both relevant and memorable. The Issues and Examples tutoring strategy
provides a framework for meeting these two constraints. The Issues are
used in the diagnostic process to identify at any particular moment what is
relevant. The Examples provide goncrete jinstances of these abstract
concepts. Providing both the description of the generic Issue (a concept)

as well as a concrete example of it increases the chance that the student

will integrate this piece of tutorial commentary into his knowledge.

The Issue that is raised must be one in which the student is, in fact,

having a problem, lest the advice be ignored or meet with hostility.

Principle 1: Before giving advice, be sure the Issue used is one
in which the student is weak

|

* ¥

The primary ramification of this principle is in how the Evaluators use the

student model. As will be discussed in the next section, there is "noise"

inherent in the model. The Evaluators for each Issue must allow for this

1

and be "conservative". Another ramification of this principle is that the

*

system should be cautious on tutoring an Issue that the student has
recently been advised on.
Even if the diagnostic process can guarantee the weakness of an Ilssue

at a given moment, the absence of a good Example of that Issue should

@ianc. § [ e ] [ [
* +

prevent the Coach from breaking in. Thus one of the tutoring principles

for enhancing a student's 1likeliness to remember what 1is said must
determine what a "good example" is:
Principle 2: When 111uatrat1n€han Issue, only use an Example (an

alternative move) in which e result or outcome of that move is
dramatically superior to the move made by the student.
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Another basic principle that increases the chance of remembering the

criticism of the Coach is to have the student episodically encode the
example.

Principle 3: After giving the student advice, permit him to
t:g:fporate the Issue immediately by allowing him to retake his
This principle not only provides him the opportunity to observe the results
of making a new move based on this Issue but is also apt to decrease his
antagonism to the advice.
The final principle of this category presupposes that the student is a
bit competitive and that he is less receptive to advice when he is about to
lose (even if he incorporated the advice when retaking his turn).

Principle U: If a student is about to lose, only interrupt and
tutor him with moves that will keep him from losing.

Interest

In an informal learning situation, the student's interest stems
primarily from the situation itself. A student plays a game because he
enjoys it. Hence, one of the most important constraints of the Coach |is
not to destroy the student's inherent interest in the game by butting in
too often. It would be much easier to implement a Coach that broke in
whenever the student made a suboptimal move and told the student the better
move. But faced with such a tutoring strategy, the student would quickly
lose all interest in playing the game -- especially if he were a poor
player who could profit from Jjudicious advice. Below are some of the
principles incorporated into WEST to prevent it from being oppressive. The
first two principles are the most obvious:

P;inciple 5: Do not tutor on two consecutive moves, no matter
what .

Principle 6: Do not tutor before the student has a chance to
discover the game for himself,

When a new student first sits down to play the game or when a student who
has not played in a while returns to the game, he will take some time to
familiarize himself with its mechanics. He will be wusing cognitive
resources to figure out, for example, how to type in an expression. It is
unreasonable to expect him to perform at his best when it comes to actually
choosing a move before he feels fairly comfortable with the mechanics of
the game,

=y
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;:}nc} 1€h 1: Do not provide onll criticism when th? Tugor ?{ee?g
Eo0d ind cgnéggggggtgag ;.an exceptional move, identify why
In WEST this is done whenever a FAIR player makes an optimal move or
whenever a player makes an optimal move that uses an Issue in which he |is
weak. Note the various wuses of the Expert just to carry out this one
principle.

This next principle has appeared before in a slightly different form.
Principle 8: After giving advice to the student, offer him a
chance to retake his turn, but do not force him to.

If the student can use the Tutor's advice to improve his position 1in the
game, he may be more attentive, but he should be given a chance to refuse
to retake his turn, since he may consider a retake to be a subtle form of
cheating.(16)

Increasing the Chances of Learning

The next two principles were designed to increase the chances of
learning from the gaming environment independent of the Coach's comments on

the progress of the game.
Principle 9: Always have the Computer Expert play an optimal game.

The student should be able to observe and learn from the best possible play
of his opponent (typically the computer). One of the best metaskills that
a student can learn from WEST (or any game) is to watch what your opponent
is doing, especially if you are losing. To maximize the chance of the
student seeing the value of this heuristic, he should always have a chance
to observe expert play. Also, if the student realizes that the computer is
not playing the best possible game, he may feel that he is being played
down to and consequently lose interest in playing.

Principle 10: If the student asks for help, provide several levels

of hints.
In WEST there are four levels of help. The first request for help causes
the Coach to look at the student model for his current weaknesses. If a
weakness is found in a skill that is required for an optimal move at this

point in the game, the student is told to consider that Issue. For

T16) If WEST is bein% used in the mode where two students are playing
against each other, the ability to retake turns after advice is turned off.

18-
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example, if the student is weak on the PARENTHESES issue and the optimal
move for this turn requires parentheses, the student will be told "Why
don't you try to use parentheses to change the order in which operations
are done." The second request for help on the same move provides the
student with the set of possible outcomes. For the third request, the Coach
will select the outcome that it considers best. The fourth request causes
the Coach to give the student an arithmetic expression that brings about
the best outcome. Thus, the four successive levels of hints are based on
the following rules:
Hint 1: Isolate a weakness and directly address that weakness.

Hint 2 (what): Delineate what the space of possible moves is at
this point in the game.

Hint 3 (why): Select the optimal move and tell him why it's
optimal.

Hint 4 (how): Describe how to make that optimal move.

Environmental Consideratjons

While most of the interest in a gaming environment is derived from the
game itself, many things can be done to the environment to make it more
interesting. Graphics is a prime example. Playing against the computer is
another. (Many CAI games have survived solely on the basis of these two
considerations.) In this section we discuss some more subtle
considerations that WEST employs. The next principle attempts to keep the

student from getting discouraged.

Principle 11: If the student is losing consistently, adjust the
level of play.
Notice that this principle conflicts with an earlier principle of always
having the computer play an optimal game so that the student will have a
model of expert play. For games in which there are several levels of
structure to the play, such as chess, it may be better for the student to
have a rol'odel (hence opponent) which is only slightly above his 1level.

m will tend to keep the games close while still providing examples of

better moves. OQOur solution of this conflict is to give the computer bad

spinners when it is ahead by a amount that varies with the quality of the
player.

Principle 12: 1If the student makes a potentially careless error
be forgiving. But provide explicit commentary in case it was not
just careleass.

-19-
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The system should be friendly about a student's error that may be from
misinterpreting the rules of the game or from mistyping a move. On such
errors, the system should not only allow the student to correct his mistake
but, if a general rule of the game has been violated, it should draw
attention to the rule and provide specific instances of it that are legal.
For example, the WEST system has compiled into it diagnostic routines for
many typical errors that a student 1is apt to make (such as precedence
errors in arithmetic and giving as the value of his expression the end
position of the move).

Although the twelve principles 1listed here are compiled into our
system, it is our hope that at some future time these principles can be
directly interpreted from a declarative rcoresentation of them. Such a
representation could provide a peta-environment in which student teachers
could modify and extend the rules and witness the effects on students. In
WEST, a small advance along this dimension has been made by enabling the
Coach to articulate all the pros and cons of what it should do next. Of
course, the Coach's cogitation is not part of what a player sees as he is
playing the game but instead is displayed on second "screen" (see Figure
3). This trace of the Coach's behavior provides a graphic illustration of
how many of the above principles interact to produce some very subtle

tutorial behavior.
3. ANALYSIS OF MODELING METHODOLOCY

Thus far we have provided a glimpse into the underlying principles of
our coaching system as well as a simplified description of how a
differential diagnostic model can be inferred from a student's behavior.
It should now be <clear how important the diagnostic model is to the
successful execution of the top-level 1Issues and Examples coaching
paradigm. Consequently, we feel it is important to examine some of the
limitations and underlying problems of this scheme that have not yet been
discussed. We will begin with a more formal examination of the modeling
process.

The inputs to the Modeler are the student's move and the set of better
moves that the student could have made. Each of these moves has associated
with it a set of requisite "Issues," which must be employed (in some
manner) to obtain that move. For example, if the move M was to go back 2
spaces to land on a shortcut, the Issues of SHORTCUT, SUBTRACTION and
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BACKWARD are all required. From the student move, the Modeler can infer
that the student knows the Issues needed for that move.(17)

What can be gleaned from knowing the set of Dbetter moves that the
student did pot take? In general, for each better move M, we only know
that at least gpe of the set of Issues required for M was not employed and
therefore reflects a potential weakness on the part of the student. But
how do we know which of these Issues blocked the student from making that
move? This is what we refer to as the "apportionment of blame/credit"
problem: How should the Modeler apportion blame among the requisite Issues
for the student's failure to discover a move?

Our 3olution in WEST has been to apportion blame more or less equally

among all of the Issues required for the missed better moves.(18) One
effect of this decision 1is the introduction of incorrect information or
"noise" into the model. That 1is, blame will almost certainly be
apportioned to Issues that are in fact understood.

Having to overcome this source of noise is an excellent example of how
diagnosing a student in a problem-solving situation in which the student is
in total g¢ontrol 1is inherently more problematic than the standard
mixed-initiative instructional system. In mixed-initiative systems, the
Modeler can always construct a differential hypothesis from this source of
ambiguity, pose a task to the student, and see what he does. Because it
can create a sequence of such tasks, each one eliminating contending
hypotheses, the Modeler can converge on the actual afflicting weaknesses.
However, such intrusicns by the Modeler into the gaming or problem-solving

matrix could destroy the concentration and goal directedness of the student

-- creating an antidote potentially more destructive than the raison-d'etre
for a student model in the first place.

The simplified view of a student's move as a set of issues that
somehow underlies the generation of the move suggests several other areas

of concern in the modeling process. Since the system does not have a

(17) Even this cannot be inferred If there 1s more than one way_ to derive
the move and the "Issues" deal with derivational rules. In WEST, the
Issues are all things that uniquely underlie or are manifest in a move.
(18) In case the Modeler has more than one move that is better than the one
the student made, it would be possible to find the intersection of the
Issues required for each move. Unfortunately, the student is, in general,
weak on more than one Issue, so this intersecfion will often be empty,
meaning that at least two of the better moves were blocked for independent
reasons. Since the evaluators have to work with noise in any case, we did
not include this noise reduction heuristic. It has not proven to be a
difficulty. The Coach does use this strategy when selecting an Issue. L
one Issue 1s needed for all better moves, it is selected as the one most
likely to have been missed.
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complete glass-box Expert, (does not account for the entire process that a

person would use to derive the move) the set of Issues does not necessarily
account for everything required to derive the move. This opens up the
possibility that the underlying reason the student didn't make a move may
not be one of the known Issues at all, but might instead be some other
skill that has not been articulated as an Issue.(19) Any incompleteness in
the set of Issues results in more noise in the differential student model.

An additional source of noise in the model is that students are seldom
completely consistent. They often forget to use techniques that they know
or get tired and accept a move that is easy to generate.

Another source of noise is learning. As the student plays the game,
we hope he will be acquiring new skills that previously would have shown up
as weaknesses. Even after a student 1learns an Issue, his model will
continue to show the weakness that has accumulated over time. Ideally, the
old pleces of the model should decay with time. Unfortunately, the costs
involved in this computation are prohibitive. To avoid this failing of the
model, the WEST Coach removes from c¢onsideration any Issues that the
student has used recently (in the last three moves).

To combat the noise which arises in the model, the Evaluator for each
Issue is implemented as a separate procedure. This allows individual
tuning of the Evaluators in response to perceived failings. 1In WEST, the
Evaluators use a comparison of the "taken fields" of the model with the
"missed fields." The comparison percentages are adjusted to be high enough
to yleld conservative Evaluators. This alleviates the problems that might
be caused by noise for less conservative techniques. Some coaching
opportunities may be missed but eventually if the student has a problem

addressed by an Issue a pattern will emerge.
Strategles vs, lssues

In the scheme discussed above, the Expert is used to create a list of
better moves, and then the Modeler diagnoses the student's weakness on the
assumption that he did not make any of these better moves because he had
not mastered one of the requisite skills or Issues underlying them. But
what happens if the student is employing a strategy different from the

Expert'sa? In such cases, the reason a student did not make a particular

19) If the Coach does not have an Issue, It will not break in, because the
student's weakness may be beyond its scope. For this reason, the Issues
define the space of weaknesses the Coach will try to correct.
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better move might simply be that he did not want to make it. According to
his strategy, his move was the best one possible.

In order to cope with this problem, the Modeler must be able to detect
when the student is using some other strategy and to characterize precisely
what this other strategy 1is. If an executable description of the
alternative strategy can be formed, then the Expert can be modified to wuse
the new strategy. The Modeler can then reconstruct the differential
student model on the basis of the modified Expert in order to separate out
what Issues (as opposed to strategies) the student is weak on. Each of
these tasks has its own complications. Let us proceed in this discussion
under the simplifying assumption that the student maintains a consistent
strategy and a consistent set of weaknesses during the period over which
the model is being created.(20)

Riagnosing the existence of a possible alternative strategy

If a modeling scheme looks at only one move of a student, it 1is
impossible for it to determine whether the student's failure to make
another move stemmed from a lack of a given skill or from harbdboring a
suboptimal strategy.(21) However, from a geguenge of student moves it may
be possible to make such a separation. This results from the fact that the
student's strategy remains the same over the sequence of moves, whereas the
issues are likely to change from one move to the next.

The technique for detecting when a student 1s wusing a strategy
different from the Expert's involves the amount of "tear" in the student
model. Briefly, tear is a measure of the consistency of use of issues,
Tear starts to develop when several issues begin to reflect both a
substantial amount of use when they should not have been used and non-use
when they should have been, If tear in a model gets large enough, the
Modeler is willing to expend some effort in conjecturing alternative
strategies that the student might be using. Any alternative strategies can
then be tested by rerunning the Modeler over the student's past moves and
comparing his behavior to that of the Expert using the conjectured

strategy. If the resulting model has substantially less tear, then the

(20) A tygloal period 1s usually one session of play, oconsisting of a

co e O amesa. Longer periods require a partitioning or layering of the
0o § to capture the change or growth of a atudent's knowledge.
21) Here again, we continue with the asaumption that the Modeler {is a

watcher and not a manig:lator gf :he environment and hence cannot interrupt
s own task.
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conjectured strategy is taken to be a more accurate approximation of the
student's strategy and 1is wused to form the differential model. If .ne
resulting model isn't substantially more consistent, then this alternative
strategy 1is rejected and other conjectures are tried until all reasonable
conjectures are tested. Of course, for this classical "generate and test"
heuristic to work, not only must the Modeler be able to generate reasonable
alternative strategies, but the Expert also must be able to simulate the
strategies (the conjectures must be runnable by the Expert) in order to be

able to reconstruct and test the resulting student model.

Conjecturing alternative strategies

Conjecturing alternative strategies is extremely difficult unless one
has a sufficiently closed world that the set of possible strategies can be
characterized. This characterization can take the form of either a
generative mechanism (e.g., a grammar) that synthesizes the alternative
strategies (Miller & Goldstein, 1977, and also see Miller's article in this
issue), or an explicit enumeration of possible alternative strategies. The
world of WEST is sufficiently closed and small enough that the latter
technique appears to work.

WEST's alternative strategies fall into two categories -- those that
are suboptimal because of a "mind bug" about the structure of the game and
those that reflect an alteration in the spirit or rules of the game. An
example of a "mind bug" would occur when a student always tries to move as
far ahead as is possible given the particular spinner values -- a nearly
optimal strategy but one that overlooks the potential value of bumping your
opponent . An example of an alteration of the spirit of the game occurs
when the student is obsessed with bumping his opponent (e.g., because of
the pretty graphics effect) and will always bump whenever a chance arises.
Another example that reflects the subtlety of this category is the student
who becomes fixated on getting the Coach to "speak" or interact with him.
This student no longer cares about winning the game but instead becomes
involved in psyching out the actual teaching strategies embedded in the
system -- an extremely interesting "metagame". It should be remembered
that the Coach is very conservative and will not break into the student's
game unless there is a consistent pattern of poor behavior that the Coach
can address, If the student is doing something completely "off the wall"
it is unlikely that the Coach will break in.
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Once a grammar or an explicit 1list of alternative strategies |is
created, one may determine the set of alternative strategies that a player
may be wusing by creating a "handle" or feature recognizer (similar to an
issue recognizer) for each strategy (or grammar rule).(22) Then, as the
Modeler is accruing evidence for perceived student weaknesses on Issues, it
can also be accruing evidence on possible alternative strategies by seeing
which strategy features are present in each move. These features act
solely as a heuristic. They are seldom unique to a given strategy, as
several alternative strategies are 1likely to be consistent with any one
move. For example, the strategy of making a maximal number might produce
the same move as the strategy of maximizing the distance ahead of your
opponent .

In summary, these strategy features provide logcal evidence about what
alternative strategies the student may be using. A strategy for which
there is local evidence is then used by the Modeler to construct a new
hypothetical differential model. This new model provides a global check on
the strategy by determining how much the tear of the differential model has

been reduced.

In order to test the diagnostic sensitivity of this technique to
distinguish actual student weaknesses from alternative student strategies,
we have constructed various automated students (an idea proposed in
Goldstein, 1977) that play with specific weaknesses and simultaneously with
alternative strategies. These tests indicate that the technique just
described 1is effective for WEST. We fully recognize the limited nature of
this problem for the WEST "world" and are cautious in our belief that these
techniques will suffice for more complex worlds.

4. EXPERIENCES WITH WEST

The basic coaching system was completed in Spring of 1975 (Burton &
Brown, 1976). At that time, we ran an informal experiment with 18 student
teachers, in which each one wused the system for at least one hour.
Afterward, each was asked to complete a questionnaire about the Coach's
performance. All but one had received advice from the Coach. Nine of the
teachers commented favorably about the Coach's advice. Two others

(22) Such leature recognizers can be quite complex and often require
properties of the space of gossible moves instead of just the given student
move. For example, one feature might concern whether the move involved the
maximum possjible number given the particular spinners,
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disagreed; one said that the Coach was offering a strategy that he did not

feel he should follow because it would leave him "vulnerable to attack," an
element of strategy not known to our current Expert. Eight of ten subjects
found the comments helpful in learning a better way to play the game and,
most important, nine of ten felt that the (Coach manifested a good
understanding of their weaknesses! One subject commented "I misunderstood
a rule; the computer picked it up in the second game."

WEST has also been used in elementary school <classrooms. In a
controlled experiment, the coached version of WEST was compared to an
uncoached version. Table 1 gives the distribution of move patterns for the
coached and uncoached groups. The coached students showed a considerably
greater variety of patterns, indicating that they had ac uired many of the
more subtle patterns and had not fallen permanently into "ruts" that
prevented them from seeing the relatively rare occasions when such moves
were important. Probably the most surprising result from this experiment
was that the students 1in the coached group enjoyed playing the game
considerably more than the uncoached group. This finding was especially
significant, because one of our greatest fears had been that our coaching
principles were sufficiently ill-developed that either the Coach would
interpret too often, destroying the inherent enjoyment of the game or too
seldom, failing to get students out of ruts. We have not yet had the
opportunity to explore why, in fact, students seem to prefer the game with
the Coach. One 1interesting hypothesis is that the students using the
coaching version were actually engaged in a metagame of "psyching out" the
Coach to get it to speak. If this rather romantic hypothesis turns out to
be valid, it would open a new arena for conveying some of the very

important survival principles for formal education.
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Table 1.

Comparison between coached and uncoached
groups of the percentage of times each
move pattern was used when it was the
best move.

PATTERN Coached Group (X)* Control Group (X)*
(A+B)-C 72 74
§“ (A*B)+C 57 58
N (A*B)-C 41 46
% (A+B) *C 65 44
i A-(B+C) 13 29
A*(B-C) 32 22
(A*B) /C 23 9
d A/(B-C) 25 0
1 A-(B/C) 14 0
l (A/B)-C 14 0
1 (A-B) /C 14 0
; A-(B*C) 13 0
»; (A+B) /C 0 0
_: A/ (B*C) Y 0
; A/ (B+C) 0 0
A+(B/C) 0 0

SPECIAL MOVES

:f Control Group (%)% Coached Group (%)*
4 TOWN: 72 TOWN: 79
i BUMP: 18 BUMP: 54
g‘ SHORTCUT: 41 SHORTCUT: 54

* % of time pattern was taken and was best.

«27-




i
i
I
i
i
i
I
I
l
|
I
i
|
|
[
i
I
1
i

REFERENCES
Brown, J.S. & R.R. Burton. Multiple representations of knowledge for
tutorial reasoning. In D. Bobrow and A. Collins (Eds.), Representation
and understanding: Studies in cognitive science. New York: Academic

Press.

Brown, J.S. & R.R. Burton. Diagnostic models for procedural bugs in basic

mathematical skills. (Cognitive Science, 2, 1978.

Burton, R.R. & J.S. Brown. A tutoring and student modeling paradigm for

gaming environments. In Proceedings for the Svymposium on Computer
Science and Education, February 1976.

Carr, B & I. Goldstein, Overlays: A theory of modeling for computer aided

instruction. Artificial Intelligence Memo 406, Massachusetts Institute
of Technology, Cambridge, Massachusetts, 1977.

Clancey, W. Tutoring rules for guiding a case method dialogue. To appear
in International Journal of Man-Machine Studies, 1979.

Dugdale, S. & D. Kibbey. Elementary mathematics with PLATQ. Urbana, IL:
University of Illinois (Computer-based Education Research Laboratory),
July 1977.

Fischer, G., J.S. Brown, and R.R. Burton. Aspects of a theory of
simplification, debugging, and coaching. In Proceedings of the Second
Annual Conference of Canadian Society for Computational Studies of
Intelligence, July 1978.

Goldstein, I.P., The Computer as Coach: An athletic paradigm for
intellectual education. Artificial Intelligence Memo 389,
Massachusetts Institute of Technology, Cambridge, Massachusetts, 1977.

Goldstein, I.P. The genetic epistemology of rule systems. To appear in
International Journal of Man-Machine Studies, 1979.

Goldstein, I. & S. Papert. Artificial Intelligence, language, and the study
of knowledge." Cognitive Science, Volume 1, Number 1, 1977.

Groen, G.J. The theoretical ideas of Piaget and educational practice. To

appear in P. Suppes (Ed.), Impact of research on education: Some case
studies. Washington, D.C.: National Academy of Education, 1978,

-28-




Miller, M.L. A structured planning and debugging environment for
elementary programming. To appear in International Journal of
Man-Machine Studies, 1979.

Miller, M.L. & I. Goldstein. Problem solving grammars as formal tools for

Intelligent CAI. In Progeedings of Association of Computing
Machinery, 1977.

S T e———

-29-




Dr. Marshall J. Farr, Director
Personnel & Training Res. Prog.
Office of Naval Research (Code 458)
Arlington VA 22217

ONR Branch Office
495 Summer St.
Boston MA 02210

ONR Branch Office
1030 E. Green St.
Pasadena CA 91101
Attn: Dr. Eugene Gloye

ONR Branch Office
2%6 S. Clark St.
icago IL 60605
Attn: Dr. Charles E. Davis

Chief of Naval Operations (OP-991B)
Navy Department
Washington D.C. 20350

Chief of Naval Operations (OP-987H)
NavK Department
Washington D.C. 20350

Chief of Naval Personnel (Pers-10c¢)
Navy Department
Washington D.C. 92370

Chief of Naval Technical Training
Code 010

Naval Air Station (75) Memphis
Millington TN 38054

Chief of Naval Technical Training
Code 015

Naval Air Station (75) Memphis
Millington TN 38054

Chief of Naval Education and
Training Support

Ellyson Field

Pensacola FL 32509

Chief of Naval Material (NMAT-035)
Department of the Navy
washington D.C. 20340

Chief of Information (0I-2252)
Navy Department
Washington D.C. 20350

Commanding Officer

Naval Education and Trainin§
Information Systems Activit

Memphis Detachment, Bld§. S=-237

Naval Air Station Memphis

Millington TN 33054

Commanding Officer

Naval Development and Training
Center (Code 0120)

Box 106, Naval Station

San Diego CA 92136

Superintendent
Naval Postiraduate School (Code 2124%)
Monterey CA 93940

Director
Tr %Ré& Analysis and Evaluation Group

Orlando FL 32813

As?istant Secretary of the Navy
Manpower and Reserve Affairs)
NavK Department

Washington D.C. 20350

Assistant Secretary of the Navy
(Research and Development)

Navg Department

Washington D.C. 20350

Chief, Bureau of Medicine & Surgery
Navg epartment (Code 713)
Washington D.C. 20372

Chief of Naval Reserve (Code 3055)
New Orleans LA 71046

Commandi Officer
Naval Training Equipmwent Center
Code N-2

Orlando FL 32813

Commanding Officer

Naval Training Equipment Center
Code N-0OT

Orlando FL 32813

Commanding Officer
Naval Aerospace Medical Institute
Naval Air Station
Pensacola FL 32503

Superintendent
.S. Naval Academg
Annapolis MD 2140

Commanding Officer
Naval Research Laboratory
wWashington D.C. 20375

Center for Naval Ana.yses
1401 Wilson Boulevard
Arlington VA 22209

Commanding General

Marine Corp Development and Education
Center

Quantico VA 22134

Office of Assistant Secretary of Defense (M&F:
Navg Department
Washington D.C. 20350

Militarx Asst. for Human Resources

OAD( E&LS)ODDR&E

Military Asst., for Training &
Personnel Technology

ODDR&E, OAD (E&LS)

Room 35129. The Pentagon

Washington D.C. 20301




|
|
|
|
!

Director, Defense Activity for
Non-Traditional Education Support

Ellyson Center

Pensacola FL 32509

Dr. M.A. Bertin, Seci. Dir.
Office of Naval Research
Scientific Liaison Group/Tokyo
American Embassy

APO San Francisco 96503

Office of Naval Research
Code 200
Arlington VA 22217

Commanding Officer

Naval Research Laboratory
Code 20627

Washington DC 20390

LCDR C.J. Theisen, Jr., MSC, USN
4024

Naval Air Development Center
wWarminster PA 18974

Commandinﬁ Officer
US Naval Amphibious School
Coroncdo CA 92155

CDR Paul D. Nelson, MSC, USN

Naval Medical R&D Command (Code ud)
National Naval Medical Center
Bethesda MD 20014

Commanding Officer

Naval Health Research Center
San Die§o CA 92152

Attn: Library

Chairman Leadershig & Law Dept.
Div. of Professiona Development
US Naval Academz

Annapolis MD 21402

Scientific Advisor to the Chief
of Naval Personnel (Pers Of)

Naval bureau of' Personnel

Room 4410, Arlington Annex

Washington DC 20%70

Dr. Jack R. Borsting

Provost & Academic Dean

US Naval Postgraduate School
Monterey CA 93940

Mr. Maurice Callahan

NODAN (Code 2)

Dept. of the Navg

Bldg. 2, Washington Navy Yard
(Anacostia)

Washington DC 20374

Office of Civilian Personnel
Code 342/02 WAP

Washington DC 20390

Attn: Dr. Richard J. Niehaus

Mr. George N. Graine
Naval Sca Systems Command
SEA 047C12

Washington DC 20362

Principal Civilian Advisor

for kducation and Training
Naval Trainiag Command, Code 00A
Pensacola ¢L 52505
Attn: Dr. william L. Maloy

Dr. Alfred F. Smode, Director
Training Analysis & Evaluacion Group
Degt. of' the RNavy

Orlando FL 32313

Chief of Naval Education and
Training (Code N-5)

Naval Air Station

Pensacola FL 32509

Chief of Naval Education and
Tralning (Code 01A)

Naval Air Station

Pensacola FL 32509

Capt. H.J. Connery, USN
Navy Medical R&D gommand
NNMC, Bethesda

Bethesda MD 20014

Navy Personnel R&D Center
Code 01

San Diego CA 92152

Navy Personnel R&D Center
Code 3006

San Diecgo CA 92152

Attn: Dr. James McGrath

A.A. Sjoholm, Head, Technical Sup.
Navy Personne' R&D Center
Code 201

San Diego CA 92152

Navy Personnel R&D Center
San Diego CA 92152
Attn: Library

Navy Personnel R&D Ceenter
San Diego CA 92152
Attn: Dr. J.D. Fletcher

Capt. D.M. Gragg, MC, USN

Head, Section on Medical Educ.

Uniformed Services Univ. of
the Health Sciences

6917 Arlington Road

Bethesda MD 20014

AT AR AR

- rain

VFo124 ng Model Manager
San Diego CA 92025

Dr. John Ford
Navy Personnel R&D Center
San Diego CA 921582




o

Dr. Worth Scanland
Sxéef of Naval Educ. & Training

Pensacola FL 32508

Technical Director

US Army Research Institute for
Behavioral & Social Sciences

1300 Wilson Blvd.

Arlington VA 22209

Armed Forces Staff College
Norfolk VA 23511
Attn: Library

Commandant

US Army Infantry School
Fort Benning GA 31905
Attn: ATSH-I-V-IT

Commandant

US Army Institute of Admin.
Attn:

Fort Benjamin Harrison IN 46216

Dr. Ralph Dusek

US Army Research Institute
1300 Wilson Blvd.
Arlington VA 22209

Dr. Beatrice Farr
US Army Research Institute
1300 Wilson Blvd.
Arlington VA 2220

Dr. Frank J. Harris

US Army Research Institute
1300 Wilson Blvd.
Arlington VA 22209

Dr. Leon Nawrocki

Us Armi Research Institute
1300 Wilson Blvd.
Arlington VA 22209

Dr. Joseph Ward

US Arm esearch Institute
1300 Wilson Elvd.
Arlington VA 22209

Dr. Milton S. Katz, Chief

Individual Training & Ferformance

Evaluation Technical Area
US Army Research Institute
1300 Wilson Blvd.

Arlington VA 22209

Col. G.B. Howard

US Army

Training SupBort Activity
Fort Eustis VA 23604

Col. Frank Hart, Director
Training Management Institute
US Army, Bldg. 172

Fort Eustis VA 23604

B s o e e

GG W e 8 S0 5 S AR i i NS S A S K

HQ USAREUR & Tth Arm
ODCSOFS d

USAREUR Director of GED
APO New York 09403

ARI Field Unit - Leavenworth
PO Box 3122
Ft. Leavenworth KS 66027

DCDR, USAADMINCEN

Bldg. 1, A310

Attn: AT21-0ED Library

Ft. Benjamin Harrison IN 46216

OPM

ARTADS

Attn: DRCPM-TDS

Dr. Cieri

Fort Monmouth, New Jersey 07703

Col. E. Smart

US Army Training Support
Center (TDD)

Fort Eustis VA 23604

Capt. John Johnson

Training Management Institute
US Army, Eldg. 1514

Fort Eustis VA 23604

Mr. Rose Gleaton, Library
Training Management Institute
US Army, 5ld§. 1514

Fort Eustis VA 23604

Dr. Edgar Johnson

US Army Kesearch Institute
1300 Wilson Blvd.
Arlington VA 22209

Dr. James Baker

US Army Research Institute
1300 Wilson Blvd.
Arlington VA 22209

Dr. G.A. Eckstrand (AFHRL/AS)
Wright-Patterson AFB
OH 45433

Dr. Ross L. Morgan (AFHRL/ASR)
Wri gﬁggatterson AFDB

OH

Dr. Mart§ Rockway (AFHRL/TT)
Lowrg AF

Co 80230

Instructional Technology Branch
AFHRL

Lowrs AFB

Co 80230

Dr. Alfred R. Fregly

AFOSR/NL y

Bldg. 0
Bolling AFB, DC 20322

b s TV,




o Shidorie .+

Dr. Sylvia R. Mayer (MCIT)

HG Electronic Systems Division
LG Hanscom Field

Bedford MA 01730

Capt. Jack Thorpe, USAF
AFHRL/FTS
Williams AFB, AZ 85224

Air University Library
AUL/LSE 76-uu§
Maxwell AFB, AL 36112

Pe. T.B.
AFHRL/ASR
Wright-Patterson AFB
OH 45433

Dr. Donald E. Meyer

US Air Force

ATC/XPTD

Randolph AFB, TX 78148

Dr. Wilson A. Judd
McDonnel-Douglas Astron. Co. East
Lowry AFB

Denver CO 80230

Dr. William Strobie
McDonnel-Douglas Astron. Co. East
Lowry AFB

Denver CO 80230

Director, Office of Manpower
Utilization

HQ, Marine Corps (Code MPU)

BCB, Bldg. 2009

Quantico VA 22134

Dr. A.L. Slafkosky

Scientific Advisor (Code KkD-1)
HQ, US Marine Corps
Washington DC 20380

AC/S, Education Programs
Education Center, MCDEC
Quantico VA 22134

Mr. Joseph J. Cowan, Chief

Psychological Research Branch
{G=p-1762)

US Coast Guard HQ

Washington DC 20590

Defense Documentation Center
Cameron Station, Bldg. 5
Alexandria VA 22314
Attn: TC

Military Asst. for Human Resources

Office of the Director of Defense
Research & Engineering

Rm. 3D129, The Pentagon

Washington DC 20301

Director, Management Information
Systems Office

0SD, "M&RA

Rm. 3B917, The Pentagon

Washington DC 20301

Cotterman

s s gy

Dr. Harold F. O'Neil, Jr.
Advanced Research Projects Agency
beernetics Technology, Rm. 623
1400 Wilson Blvd.

Arlington VA 22209

LTC Henry L. Taylor

US Air Force

Military Assistant for Training
and Technology

ODDR & E/OAD (E & LS)

Rm. 3D129, The Pentagon

Washington DC 20301

LTC Roger Grossel
0SD/1 L(WR)

Rm. 2B323, The Pentagon
Washington DC 20301

Dr. M. Gene Bennett, Director
Institutional Technology Clearinghouse
US Civil Service Commission

1900 E: Street NW

Washington DC 20415

Dr. Robert Young

Advanced Research Projects Agency
1400 Wilson Blvd.

Arlington VA 22209

Dr. Vern Urr

Personnel R&D Center

US Civil Service Commission
1900 E Street NW

Washington DC 20415

Dr. Andrew R. Molnar

Science Education Dev. & Res.
National Science Foundation
Washington DC 20550

Dr. Marshall S. Smith

Assoc. Directo-

NIE/OPEPA

National Institute of Education
Washington DC 20209

Dr. Joseph L. Young, Director
Memory & Cognitive Processes
National Science Foundation
Washington DC 20550

Dr. James M. Ferstl

Em?loyee Development Training
echnologist

Bureau of Training

US Civil Service Commission

Washington DC 20415

William J.
Rm. 301
Internal Revenue Service
2221 Jefferson Davis Hwy.
Arlington VA 22202

Dr. John R. Anderson
Dept. of Psychology
Yale Universit

New Haven CT 06520

McLaurin




e

AR, 4 15

£

5
*
3

Dr. Scarvia B. Anderson

Educational Testing Service

Suite 1040

3445 Peachtree Rd. NE
tlanta GA 30320

Prof. garl A. Alluisi
Code 287

Dept. of Psycholoky

0l1d Dominion University
Norfolk VA 23508

Dr. Daniel Alpert
Computer-Based Education
Research Laboratory
University of Illinois
Urbana IL 61801

Ms. Carole A. Bagle
Applications Analys
Minnesota Educational
Computing Consortium
1925 Sather Ave.
Lauderdale, MN 55113

Dr. John Brackett
SofTech

460 Totten Pond Rd.
Waltham MA 02154

Dr. Robert K.
1A Tully Bldg.
Florida State University
Tallahassee FL 323006

Dr. Victor Bunderson
Institute for Cowmputer Uses
in Education
55 EDLC ¢
righam Young University
Provo UT 84601

Dr. honald P. Carver
School of Education
University of Missouri
5100 Rockhill Rd.
Kansas City MO 64110

Century Research Corp.
4113 Lee Hwy.
Arlington VA 22207

Jacklyn Caselli

ERIC Clearinghouse on
Information Resources

Stanford University

School of Education/SCRDT

Stanford CA 94305

Dr. Kenneth E. Clark
College of Arts & Sciences
University of Rochester
River Campus Station
Rochester NY 14627

Dr. Allan M. Collins

Bolt Beranek & Newman Inc.
50 Moulton St.

Cambridge MA 02138

Branson

i Rosiin O

—

Dr. John J. Collins
Essex Corp.

4506 Edgetfield Road
Kensington MD 20795

Dr. Donald Dansereau

Dept. of Psychology

Texas Christian Unlversity
Fort Worth TX 76129

gr'tRUt? Pareh 1
ept. of Psycholo
gage U i -

niversity
Hillhouse Ave.
New Haven CT 06520
ERIC Facility/Acquisitions
4833 Rugby Ave,
Bethesda MD 20014

Dr. John Eschenbrenner
McDonnel-Douglas Astron. Co. East
PO Box 30204

St. Louls MO 80230

Major I.N. Evonic
Canadian Forces Personnel
Applied Research Unit

1107 Avenue Rd.
Toronto Ontario CANADA

Dr. Victor Fields
Dept. of Psychology
Montgomery College
Rockville MD 20850

Dr. Edwin A. Fleishman

Advanced Research kesources Org.
8555 Sixteentn St.

Silver Spring MD 20910

Dr. Larry Francis

Universi g of Illinois
Computer-Based Educ. Research Lab
Champaign IL 61801

Dr. Frederick C. Frick
MIT Lincoln Laboratory
Rm. D 268

PO Box 73

Lexington MA 02173

Dr. John R. Frederiisen
Bolt Beranek & Newman Inc.
50 Moulton St.

Cambridge MA 02138

Dr. Verncn S. Gerlach
College of Education

146 Payne Bldg. B
Arizona State University
Tempe AZ 85281

Dr. Robert Glaser, Co-Director
University of Pittsburgh
3929 O'Hara St.

ittsburgh PA 15213

o » ki b

N




o . - e - o T . - e - ~ = —— . .- = x o =i T -

Dan, M.D. Havron

Human Sciences Research Inc.
7710 01d Sfring House Rd.
West Gate Industrial Park
McLean VA 22101

Dr. Duncan Hansen

School of Education
Memphis State University
Memphis TN 38118

Human Resources Research Org.
400 Plaza Bldg.

Pace Blvd. at Fairfield Drive
Pensacola FL 32505

HumRRO/Western Division
27857 Berwick Drive
Carmel CA 93921

Attn: Library

HumRRO/Columbus Office

Suite 23, 2601 Cross Country Dr.

Columbus GA 31906

HumRRO/Ft. Knox Office
PO Box 293
Fort Knox KY 40121

Dr. Lawrence B. Johnson
Lawrence Johnson & Assoc. Inc.
Suite 502

2001 S Street NW

washington DC 20009

Dr. Arnold F. Kanarick
Honeywell Inc.

2600 Rid%eway Pkwx.
Minneapolis FMN 55413

Dr. Roger A. Kaufman

203 Dodd Hall

Florida State University
Tallauassee FL 32306

Dr. Steven W. Keele

Deqt. of Psychology

University of Oregon
Eugene OR 97403

Dr. David Klahr

Dept. of Ps cholog¥
Carnegie-Me lon University
Pittsburgh PA 15213

Dr. Robert R. Mackie

Human Factors Research Inc.
6780 Corton Dr,

Santa Barbara Research Park
Goleta CA 93017

Dr. William C. Mann
Information Sciences Institute
4676 Admiralty Way

Marina Del Rey CA 90291

Dr. Leo Mundax
Houghton Mifflin Co.

. PO Box 1970

Iowa City IA 52240

Mr. Thomas C. Q'Sullivan
TRAC

1220 Sunset Plaza Drive
Los Angeles CA 90069

Mr. A.J. Pesch, President
Eclectech Assoc. Inc.

PO Box 178

N. Stonington CT 06359

Dr. Steven M, Pine

N 660 Elliott Hall
University of Minnesota
75 East River Rd.
Minneapolis MN 55455

Dr. Kenneth A. Polycyn
PCR Information Sciences Co.

Communication Satellite Applications

McLean VA

R. Dir. M. Rauch

P II 4

Bundesministerium der Verteidigung
Postfact 161

53 Bonn 1, GERMANY

Dr. Joseph W. Rigney

University of So. Calif'.

Behavioral Technology Laboratories
717 South Grand

os Angeles CA 40007

Dr. Andrew M. Rose

American Institutes for Research
1055 Thomas Jefferson St. Nw
Washington DC 20007

Mr. Charles R. Rugp

Advanced W/C Development Eng.
General Electric Co.

100 Plastics Ave.

Pittsfield MA 01201

Dr. Robert J. Seidel
Instructional Technology Group
HumRRO
200 N. Washington St.
lexandria VA 22314

Dr. Richard Snow
Stanford University
School of Education
Stanford CA 94305

Dr. Persis Sturgis

Dept. of Psycho osy
California State University
Chico CA 95926

7600 0l1d 855%3§house Rd.




Mr. Walt W. Tornow

Control Data Corp.

Corporatoe Perzonnol Research
PO Box 0 HONQOGO

Minneapolis MN 5440

Dr. David J. Welss
Dept. of PS{chology
N6bO Eiliott Hall
Univeraity of Minnesota
Minneapolis MN 554%%

Dr. Keith Wescourt
Dept. of Pa¥cholo%y
Stanford University
Stanf'ord CA 94305

Dr. Claire E. Weinstein
Educational Ps¥oholoay Dept.
University of Texas

Austin TX 78712

Dr. Anita West

Denver Research Institute
University of Denver
Denver CO 80201

Dr. Frik McWilliams

NSF Jducation Directorate - CIE
National Science Foundation
Washington DRC 20550

Dr. Dorothy Derringer
National Science Foundation
Educational Directorate

225 Wisconsin Ave NW
Washington DC 20550

Prof. Carl Zinn

Center for Research in Learning
and Teaching

Universitn of Michigan

109 East Madison St,

Ann Arbor Mich 48104

e

P PRSI N

il i




